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RESEARCH MEMORANDUM

PERFCRMANCE OF A SUPERSONIC ROTCR HAVING HIGH MASS FLOW

By Ralph L. Schacht, Arthur W. Goldstein, and Harvey E, Neumann

SUMMARY

A 14-inch supersonic mixed-flow rotor with a supersonic leading
edge and an inlet radius ratio of 0.52, designed for lmpulse operation
and uniform work output, was tested in Freon-12, The highest efficiency
was attained at 110 percent of design speed. At thls speed the rotor
developed a stagnation pressure ratic of 8.5 and an efficlency of 82.5
percent at a weight flow rate of 63.7 pounds per second (equivelent air
value, 31.5 1b/sec/sq £t frontal ares). At design speed (686 ft/sec in
Freon-12 or 1480 ft/sec in air), these parameters had the values 5.3,
76.8 percent, and 63.2 pounds per second, respectively. With shock-in-
rotor operation, there was only a small range in weight flow with surge-
free operation. An extremely high level of turbulence at the discharge
indlcated large reglons of separated flow even for the impulse mode of
operation. The efficlency of the rotor was very sensitlve to either the
inflow relative angle or the relative Mach number at the root or both.

Good agreement was cbtained between the axisymmetric method of
design and the measured pressure distribution on the casing except for
two small reglons where deviations are belleved to have originated in
the induction process, which 18 inadequately described by the assumption
of axislly symmetric flow. Casing pressure distribution varies with
speed and gulde vane settings, but these veriations are not critical for
this rotor in determining the over-all efficlency.

Friction with the casing was of negligible magnitude for this im-
peller, Losses other than casing frictlon indlcated that the blades of
this impeller were less efficient than the blades of the previously
tested impelier,

INTRODUCTION

The results are presented of an experimental study made at the
NACA TLewis lazboratory of a supersonic mixed-flow impeller of the shock-
less type which had a "supersonic leading edge.” (A supersonic leading
edge is defined as one so oriented that the gas velocity component in
the plane normal to that edge 1s supersonic.) This report is the third
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describing an investigation of the serodynamic problems involved in de-
veloping a supersonic compressor.with shockless flow in the rotor at an
isentroplc pressure ratio of about 8.0 and nearly the maximum possible
alr flow per unit frontal area. .

The 14~=inch tip diameter and the inlet and exit condlitions for the
three rotors tested thus far were maintained the same in order to mini-
mize test rig modification and to provide a simple variation for com-
parison of the rotors. The blades of all three rotors were of constant
thickness (1/8 in.) in order to permit the use of welded sheet metal
construction, but with the fabrication technliques developed it was possl-
ble to complete only rotor I (rafius ratic 0.71) by welding. Rotors IT
and ITT were machined from solid, billets. References 1 and 2 report
on two rotors that were similar except that the welght flow was in-
creased from 21.6 to 31.5 pounds of air per second per square foot
frontal srea by continuation of-the blade surfaces inward along radial
lines to the modifled hub, which was located on the streamline inter-
secting the leading edge at a radius ratio of 0.52 instead of the value
0.71 used 1in the first rotor. These rotors had subsonic leading edges,
that is, the leading edges were swept back for subsonic normal ges
velocities. . o

It was expected that some effect of this edge on starting of the
internal supersounlc flow (swallowing the strong induction shock) might
be detected from a comparison of the characteristice of the rotor having
a supersonic leading edge with the two having subsonic leading edges.
Other chsracteristlics as well as the effect on the inlet flow and range
of efficient operation were also exsmined during this exploratory
project. : . -

EQUIPMENT AND PROCEDURE
Rotor Design

The rotor design is for 22 blades of constant thickness (1/8 in.)
to operate at an isentroplc pressure ratio of about 8.0, an equivalent
tip speed of 1480 feet per second (686 ft/sec in Freon~12), and an in-
let axial Mach number of about 0.85. The inflow has zero radilsl veloc-
ity and rotates as a free vortex counter to the wheel rotation. The
internal flow is shockless. Relative discharge flow is nesrly axial.
Inlet and outlet velocity diagrams for root and tip sections are shown
in figure 1.

The leading edges are swept back in a manner determined by the in-
let flow, the prescribed blade shape st the root, and the condition of
radiasl blede elements., The result of these assumptions was a leading
edge operating with a supersonic gas velocity component in the plane
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normsl to the leading edge. The lesding edges were oriented so that
the initial suction suwrface paralleled the expected upstream flow, and
a 10° wedge for the initial blade thickness distribubtion determined the
pressure surface (see teble I). At or dowmstream of a point where an
expansion wave originsting on the suction surface would intersect the
leading edge of the next blade, a suction surface deflection (expansion)
of 10° was begun and was completed at the channel entry in such a manner
that the full thickness of 1/8 inch was attained at that point. This
provided an eventual cancellation of the original 10° wedge shock and
enlarged the flow area inside the blades as compared with the flow area
upstream. Inside the channel the method described in references 1 and 3
was used to complete the design.

Because the gas was turned towerd the axial direction by bledes of
constant thickness, the flow area and Mach nunber increased inside the
channels. In the first two rotors with swept leading edges it was pos~
slble to counteract this effect by means of compression waves originat-
ing from the hub. With the present impeller, however, the first hub
wave strikes the casing at a point well inside the impeller (see fig. 2).
It is therefore impossible to prevent this velocity rise upstream of
that point with cambered constant thickness blades.

The mean channel relative wvelocity at the tip lnereased from a
value of 952.2 feet per second to 1135.6 feet per second in this initial
region. Thils mean channel velocity was then decreased at the rate of 1
percent per length equal to one momentum thickness (ref. 4) until the
initial inlet velue was agaln resched at the exlt. As a consequence of
the rise of the channel vélocity in the initial portion of the rotor,
very little work was done on the gas in this region, and the rotor ob-
tained was longer than thet with the subsonic leading edge.

The assumption of constant work output and zero radiasl velocity
component for the exlt flow then determined a free-vortex flow at the
exit. Work output was equalized by sweepling the trailing edges back to
provide extra blade surface at the root for work input.

The hub shape was then determined according to the method of ref-
erence 3. The complete characteristic network and Mach contours are
shown in figure 2.

These design computations resulted in & very smooth velocity dis-
tribution on the hub, bubt the tlp velocity distribution was character-
terlzed by a large expansion followed by a compression. Because the
hiub velocity distribution was much smoother than that of the swept im-~
peller, testing the present rotor would provide an opportunity to find
whether the effilclency was more sensitlve to velocity variations at the
hub or casing.
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The growth in displacement thickness of the boundery layer was
essumed to be 0.02 inch per inch of gas travel on the-wetted surfaces.
The correction for all the surfaces was made on the hub.

The coordinastes of the blade surface and the hub contowr which re-
sulted from this design procedure are given in table I, A photograph
of the rotor 1s shown 1n figure 3. '

Test Rig, Instrumentation, and Procedure

The test rig Installation was the same as described in reference 1
and is shown in figure 4., The working fluld was Freon-12 which was cir-
culated in the closed system dlsgremmed in figure S.

Inlet stagnation temperatures and pressures were-measured in the
surge tank and four statlc-pressure taps in the nozzle were used for de-
termining the weight flow ai‘ter_f calibration with numerous surveys at
station 1. At station 1, three claw probes were used with four static-
pressure taps on the hub and four on the casing.

Measurements of the discharge flow were made at station 4 with
three semishlelded thermocouple probes and three pressure probes; for
pressure measwrements with shock-in-rotor operation, clew probes were
used; end for impulse operation of the rotor, when a very high Mach num-
ber was encountered, the wedge probes were used. Hot-wire anemometers
were also used at three circumferential locations at stations 1 and 4
to study the nonsteady flow qualitstively. The steady-flow instruments
were the same as those used to obtain the data reported in reference 2,
with the exception that the span of the wedge probe was increased from
0.3 to 0.4 inch to ensure freedom from end effects on the wedge readings.

BEven though the instrumentation and inlet flow conditions were
nearly ldentical with those of the tests reported in reference 2, there
are some discrepancies In the checks. For impulse operation, calcula-
tlon of the welght flow from the exlt survey gave a value of 59.6 pounds
per second, whereas the value from the nozzle calibration was 62.2
pounds per second - an error of -4 percent. For the previocous tests the
error was only 41 percent. For the present tests the equivelent specific
enthalpy rise as determined from the thermocouples was only 1 percent
lower than that found from the corrected dynamometer power and nozzle
determined weight flow, whereas with the deta of reference 2 a discrep-
ancy of +6.5 percent was found, There is a possibility that the dlffer-
ent behavior of the instruments results from nonsteady flow conditions
which vary from one impeller to another, but which are not detectable
by the instruments, This 1s indicated by the different regions of rotor
sudlble surge which will be described in more detall in the next section.
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The performance of this ilmpuise-type supersonic compressor was de-
termined over a range of back pressures from open throttle to audible
surge at seven wheel speeds from 110 percent of the design value to 50
percent of the design value. The inlet tank pressure was maintslined at
15 inches mercury absolute during all tests, and inlet stagnation tem-
perature varied from 60° to 140° F, depending on the load on the cooling
system. Freon purity was maintained over 97 percent at all times. The
impulse points were run twice, once with the gulde vanes set the same
as with the previous impeller with a subsonlc leading edge and once with
the gulde venes reset for 8° more counterrotation.

RESULTS AND DISCUSSICON
Over-All Rotor Performance

The rotor was found to operate in & menner similar to the two pre-
vious rotors with subsonic leading edges (refs. 1 and 2), that is, with
two modes of operation. In the first mode a system of shocks was loca-
ted in the rotor near the entrance and caused & relstive Mach number of
epproximately 1.0 inside and a relative subsonic veloclty at the exlt.
As the throttle was opened the weight flow increased to a 1limit and
further openlng caused the internsl shock to pass from the leading edge
through the rotor, so that the relative internal velocities became su-
personic, With the discontinuous change in mode from shock=-in-rotor to
impulse operation, the weight flow remained practically unchanged; but
the pressure ratic, the efficiency, and the equivalent specific stagna-
tion enthalpy rise AH, of the gas all changed discontinuocusly to high-

er values. (A list of symbols is given as an appendix.)

The two rotors with subsonic leadlng edges went over to impulse
operation at 60 and 68 percent of deslgn speed, respectively, while the
present rotor would not operate in the impulse mode until 80 percent of
design speed.

At all speeds where lmpulse operation was possible, practically no
range of gas flow was obtalned before encountering audible surge. This
was not true for the impellers with subsonic leading edges (impellers I
and IT), where there was a range of sbout 14 percent in gas flow before
encountering audible surge. It was posslible to operate impeller ITII in
surge through the same range of welght flows as the previous 0.52 inlet
radius ratio impeller (impeller IT) without any vliolent surge or
mechanical fallure.

Hot-wire anemometers used to check this surging condition confirmed
the fact that the impeller had a very small weight flow range with sta~
ble operation. During surge at design speed, the hot wires at station
1 showed the welght flow to oscillate with a frequency of 10 to 15 cycles
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per second with.the root and tip fiuctuatlons 180° out of phase. At

station 4 the root and tip varistions were in phase. All these changes -
took place simultaneously around the entire annulus, For impulse oper=-

ation at design speed, the hot wires at station 4 showed a very high.

level of turbulence (flow varied from 50 to 150 percent of average value)

and the blade wekes were not identifisble.

At 80 percent of design speed simllar surge variations were ob- -
tained; only a slight reduction in turbulence level was obtalned st
impulse operstion. Such a high turbulence level indicates probsble
flow separation inside the rotor.

3207

The over-all performance of the rotor in terms of equivalent weight
flow We, equivalent rise in specific stagnation enthalpy AHe, pressure

ratlo, and efficiency for various speeds 1s shown in figure 6. (The
operating points on all figs. 1n this report are indicated by numbers
which designate the ratio of speed to design speed and the letter I or
S, which indicetes either impulse or shock-in-rotor condition.) The
maximum efficiency of 82.5 percent occurred at 110 percent of design
speed where a pressure ratio of 8.5 was developed with a flow of 63.7
pounds of Freon per second. Comparison of the performence of rotors II
end IIT results in the following notes: '

l. At 60, 70, and 80 percent of design speed, the weight flows
passed by lmpeller III are greater than those passed by impeller IT,.
The welght flows passed at 90 and 100 percent of design speed are the
same for both impellers and are very close to the design value.

2. At BO percent of -design speed impeller III impasrted to the gas
the game rise in stagnation entheipy with shock-in-~rotor operatilon as
impeller II, but lmparted less of an Increase of AH, in passing to

impulse operation. At 90 and 100 percent of design speed the work in-

put to the gas was lower &t all conditions of operstion and the increase =
in work input 1n passing from shock-in-rotor to impulse operation wes

less than that of-rotor II, Although this difference between the ro-

tors 1s not to be expected from the blade shape, since the trailing

edge surfaces and the loading in the reer of the blades were the seme

for both rotors, there 1s sbout 5 percent difference in the moment of

momentum Increment of the gas. This 1s only gbout one-thlrd of the dif-

ference in enthalpy rise and therefore the decresse in work imput is =

result of lower frietion with the casing.

5. The efficlencies for rotor II at impulse operstion ere sll high-
er than those for rotor III except at the design speed, where the two
impelliers have the same efficiency.
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Entrance Flow

At design speed, the entrasnce relative Mach numbers are only 0.05
lower than the design values (fig. 7(2)). However, the velues are 0.1
lower than those obtained with impeller IT. This indicates an upstream
effect of the rotor which depends on the sweep and the shape of the
leading edges of the rotor blades. This effect on the upstream flow is
also apparent in the comparison of the sbsolute Mach numbers (rig. 7(b)),
where a lower value is alsoc shown for impeller ITT, The same set of in-
let gulde vanes was used for both rotors.

Relative inflow angles (fig. 7(c)) are sbout 2.5° higher than for
the swept rotor, agaln indicating an upstream effect for the rotor which
depends on the sweep. When the guide vanes were reset for 8° more
counterrotation (fig. 7(d)), the weight flow was reduced because of
choking of the guide vanes. The relstive inlet angles were not affected
near the pitch section, although the change at the hub was +1.5° end at
the tip was -1.5°., This behavior is similar to that of the two rotors
with swept blades, where the relative inflow directions were also de-
termined by the rotor. In fact, with the 0.71 inlet radius ratlo rotor
two sets of guide vanes were used that gave an sbsolute angle change of
6.5°; yet the relstive angles showed a maximum variation of only 0.5°.

The angle of attack on the suctlon surface of the blade varles from
6° at the root to 4° at the tip and indicates the inadequacy of the two-
dimensionsl cascade analysis, which predicts that for subsonic axisl
velocities the direction of inflow for a superscnic flow ls set by the
direction of the suction swrface of the blades at the leading edge.

This 5° discrepancy may be a consequence of the slight sweep of the
blades, which varies from sbout 18° (complement of angle between flow
vector and leading edge) at the tip to about 48° at the root, or may
result from the root-to-tip pressure balance requirements which also
alter the flow from that expected from a two-dimensional flow.

If the relatlve flow angles and Mach numbers are compared with the
blade direction, it is apparent that at least a portion of the pressure
surface of the blade must suffer a detached shock for most conditions
of operation. At 70 percent of design speed, this conditlon exists over
the entire leading edge; at 80 percent of full speed approximately 50
percent of the blade span requires detached shock; while at design speed
this condition exlsts for only a small reglon near the root., When the
inlet gulde vanes were reset, substantially higher Mech numbers were ob-
tained with spproximately the same relative flow direction with respect
to the rotor blades. Consequently the deflectilon for induction into
the rotor did not imply e detached shock for any of the speeds investi-
gated. The increase 1n efflclency at equal speeds was greatest at the
lowest speed (8 percent increase in LY at 80 percent speed), where

the greatest reduction in extent of span suffering detached shock
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occurred. At deslign speed there was only a small increase in efficiency.
This indicates that the amount of inlet area sustalning detached shock
possibly is a critical factor in esteblishing the variation of effi~
clency. The inlet area and other conditions, such as Mach number and
the resulting intermal pressure distributlion, change simulteneously;
consequently the varilation of efficiency cannot be definitely ascribed
to this one factor.

Distribution of Statilc Pressure on Casing

In the design process the pressure dlstributlon along the casing
a8 shown by figure 8 was computed. The data for this impeller at de-
slgn speed are also shown on this figure., TFairly good agreement 1is
shown between the axisymmetric method of design and the experimental
results except near the leading edge (z = approximately 3.0 in.), where
the pressure 1s much higher than the design value, and in the region
near 2z = 7 inches, where the pressure is too low. The assumption of
axial symmetry of the flow ls belleved to approximete the flow because
of the satisfactory estimetes of pressure distribution it gave over
most of the casing. The local deviatlons from the estimates at z = 3
inches and z = 7 inches are therefore thought to result from pressure
waves originating 1n regions where the assumption does not approximate
the actual flow. This would include reglons where the blades are highly
loeded and also the inlet section of the blades where the flow is not—
yet enclosed and guided by channels as the theory assumes to be the
case. Inasmuch as the blade loading 1s very light, the deviations are
ascribed to the Inadequacy of the exlsymetric assumption for estimat-
ing the inflow process.

Figure 8 shows the pressure distribution along the casing for im-
pulse operstion at several speeds wilth the original and reset gulde
vanes. The measured and calculated pressure rise In the neighborhood
of z = 435 inches 1s caused by the hub deflectlon beginning at =z = O,
as can be seen by traclng the characteristic lines. At lower gas veloc-
1ties there is an expected forward shlft of the pressure wave.

For the purpose of correlating the internal losses with other fac-
tors, the loss, which is calculated from

Loss = AH_(1 - n.4)

is mede dimensionless through division by the averaged inlet relative
kinetic energy per unit mass. Three paremeters are noted for compsri-
son with the loss - the rotative speed, the maximum relative internal
Mach number as indicated by the casing pressure taps, and the maximm
rate of local pressure rise as determined from the casing pressure taps.

3207
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To il1lustrate the calculation of the rate of pressure rise, at 80 per-
cent of full speed for the original guide vapes the majJor portion of
the rise occurs between 2z = 4 inches and 2z = 6.75 inches. The static-
pressure ratio is 2.45. Approximating the relstive stagnation pressure
by the value at the inlet, there is obtained & value for (1/q)(AP/Az)

of 0.256. Tabulation of the corresponding data with efflciency and the
dimensionless values of the losses for other conditions yields:

Parameter Guide vanes
Original Reset

Percent of design speed
80 100 80 100

Adisbatic efficilency 0.72 |0.,77 | 0.80 | 0.79

1AP

5 R (1/1in.) .256 | .123| .121} .127

Maximum tip Mach number 2.0 2.3 2.3 2.6

Mass average loss/ .32 .37 .24 .27

average inlet kinetic energy

where

q dynasmic pressure (1/2 pVZ2)

AP increase 1in statlic pressure

Az change 1in distance parallel to axis of rotor

At each speed the loss 1s reduced by using the reset guide vanes,
A reduction of loss is obtained at 80 percent of design speed with re-
duction of the diffusion factor (1/q)(AP/Az), but the reduction of loss
at 100 percent speed does not correlste with a corresponding reduction
of diffusion factor. Furthermore, the pressure dilstributions, diffusion
factors, and Mach numbers are very nearly equel for operation at design
speed with the original guide vane settings and at 80 percent of design
speed with reset gulde vanes, yet there is a large difference in the
losses. It may therefore be concluded that the casing pressure distribu-
tlon is not a critical factor for this rotor in determining the efficiency.
However, the highest efficiencies were spproximately 80 percent for this
rotor, so that the casing pressure distribution could prove to be im-
portant for a rotor of higher efficiency.
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Exit Flow

The loss dlstribution at the exit 1s shown in figure 9(a). The
grestest losses are evident in the gas discharged near the tip. These
losses d1d not necessarily occur at the tip, as any low-energy gas
which clings to the blades would probebly be centrifuged to the tip.

It 1s of interest that when the guide vanes were reset, the losses re-
mained the same at the tip, decreased in the center of the passage, and
increased at the hub. This is true for all impulse points except at

80 percent of deslign speed, where the losses were reduced over the en-
tire passage when the gulde vanes were reset.

Actually, the two operating states most nearly comparablie are de-
sign speed with the original setting of the guide vanes and 80 percent
of design speed with reset inlet gulde vanes, because at these condi-
tions the inlet relative Mach numbers are nearly equal and the casing
pressure distributions are nearly the same. The 80 percent speed polnt
shows lower losses over the entire blede span et the exit. The only
appasrent differences between the two operating states are the rotative
speed and slight variations of inflow angles (3.5°) near the tip and of
relstive Inflow veloclties near the root. It must therefore be con-
cluded that the losses in this ilmpeller are very senslitive to inflow
angles or that the inlet Mach number is critical when 1t approaches the
value which implies detached shock from the leading edge. Thils latter
criterion appears plausible in view of arn expected thick boundary layer
near the root at the entrance. The losses are also shown by the adia-
batic efflciency distribution in figure 9(b).

Frictlon wlth the casing csused considersble loss 1n the two pre-
viously tested impellers although there was an uncertainty as to the
amount. For impellier ITI casing friction was negligible. The dlstri-
bution of axial Mach number at the exit (fig. 9(c)) indicetes a thicker
boundary layer at the casing for lmpeller III than for jmpeller ITI and
implies a difference in the flow and casing frictlion phenomena between
the two rotors.

In reference 2 the losses excluslve of cgsing friction were divided
by the specific work inputs and found to give a function that was con-
stant with speed, indicating that if casing friction were negligible,
the swept rotor might be expected to have an approximately constant
efficiency of 87 percent for impulse opersation at all speeds. Because
casing friction 1s negligible for Ilmpeller IIY, the comparsble figure
is the adlabatic efficiency which ettains s maximum over-all value of
only 82.5 percent at 110 percent of design speed. Thus the blades of
rotor II asppear to be more efficient and less sensitive to inflow con-
ditions but in some manner give rise to high vaelues of casing friction.
With a different thickness distribution for blades of little sweep, as
in rotor III, an internal pressure distribution may be made similar to

3207
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that of rotor II with a possible increase in efficiency. The pressure
distribution on the hub does not sppear to have as decisive an effect
on efficiency.

The relative discharge angles (fig. 9(d)) are very close to the
design value for this impeller, whereas the two previous impelliers in-
dicated an unexplained overturning of sbout 4° in the center of the
blade span. The blades were designed for a uniform speclific work input
to the gas from root to tip. The design value was 19.9 Btu per pound;
the measured aversge value for this impeller was 20.3 Btu per pound with
only a small varistion from root to tip. The work equalizing property
of the blades was therefore considered saetisfactory as 1t was for the
two previous impellers. The discharge Mach numbers and directions shown
on figures 9(e) and (f) indicate that the dlffuser has the difficult
problem of handling effectively a large range of Mach numbers and inflow
angles.,

SUMMARY (F RESULTS AND CONCLUSIONS

A l4-inch supersonic mixed-flow rotor with a supersonic leading
edge and an inlet radius ratio of 0.52, designed for impulse operation
end uniform work output, was tested in Freon-12, The highest efficiency
occurred at 110 percent of design speed (686 ft/ sec in Freon~l2 or 1480
ft/ sec in air). At this speed the rotor developed a stegnation pressure
ratio of 8.5 and an efficlency of 82.5 percent at = welght flow rate of
63.7 pounds per second. Bguivalent value for air is 31.5 pounds per
second per square foot frontal area.

At the design point the rotor developed a pressure ratio of 5.3
and an efficiency of 76.8 percent at a welght flow rate of 63.2 pounds
per second, whereas the estimated velue was 64.7 pounds per second.

The estimated value of work inmput was 19.9 Btu per pound and the meg-
sured value, 20.3 Btu per pound. Varistion of enthalpy rise across the
pesssge was small so that the work equalizing property of the rear por=-
tion of the blades wes considered satisfactory.

At 80 percent of design speed the adigbatic efficiency was in-
creased from 72 to 80 percent by 8° more cowmterrotation in the gulde
vanes. The existence of a steady detached shock in front of the blades
with the original guide vane setting was probsbly involved in reducing
the efficlency from the value obtained with the reset guide vanes. The
megnitude of this change in efficiency cannot be explained by the change
in shock losses, but is possibly affected by some interaction of the
main flow and the boundery layer flow. At 100 percent speed where the
relative inflow velocity was substantially over the critical value, re-
setting the gulde vanes resulted in only a emall change in efficiency.

P nidder, o an

.o



12 v NACA RM ES4D22

Agreement shown between the axisymmetric method of design and the
measured pressure distribution on the casing 1e considered adequate ex-
cept for two small reglons where deviatlons are believed to have origi-
nated in the induction process, which is inadequately described by the
assumption of axially symmetric flow. Casing pressure dlstribution
varles with speed and guide vane settings, but these variations are not
critical for thls rotor in determining the over-sll efficiency.

Friction wilth the cesing was of negligible magnitudewith this im-
peller, while with the previcus two Impellers 1t caused considerable
less.

Losses other than those due to caslng friction indlcated that the
unswept blades with the loading and pressure dlstribution concomitant
wilth constant blade thickness were less efflcient and more sensitive to
variatlions in the inlet flow condltions.

The unswept blades of rotor III (present investigation) provided
a negligible range of surge-free operastion at all speeds where impulse
operation was possible, whereas the swept blades of rotor II (ref. 2)
provided at least a 14 percent range in welght flow. An extremely high
level of turbulence at the discherge indicated large regions of sepa-
rated flow even for the impulse modes of operstion.

Lewis Flight-Propulsion Laboratory
Nationsl Advisory Committee for Aeronsutics
Clevelend, Chlo, April 23, 1954
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APPENDIX - SYMBOLS

The following symbols are used in thig report:

increese in specific stegnation enthalpy from statlon O to
station 4, Btu/lb

Increase in specific enthalpy at constant entropy from condi-

tions at station O to Py 4, Btur/1b

M absoclute Mach number, retio of gbsolute velocity of fiuld to
local velocity of sound

M relative Mach number, ratioc of wvelocity of fluild relative to
rotor to local velocity of sound

MA axial Mach number, ratio of axlal component of veloclty of fluid
to locel veloclty of sound

P static pressure, 1b/sq in.

PT abgolute stagnation pressure, lb/sq in.

q dynamic pressure (1/2 ¢V2)

r radisl distance from axis of rotation, in.

W mess flow of gas, 1lb/sec

Z distance parallel to axis of rotor, in.

a angle between axls of rotation arnd relative veloclty vector,
deg

e angle between axis of rotation and ebsolute velocity vector,
deg

AH:Ls

LI adigbatic efficiency of rotor, Neg = 78

Subscripts:

0 entrence tank upstream of nozzle (see fig. 5)

1 station 1 at rotor entrance (see fig. 4)

4 station 4, 8 in. downstream of impeller blede tip (see fig. 4)

e equivalent value for standard pressure and temperature
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TABLE I. - COORDINATES OF BLADE MEDIAN SURFACE AND REGION NEAR LEADING EDGE®
E; [fhe symbols h and t are used to indicate hub and tip radii, respectively.]
[3°]
132 Axial Radius, [Angular Axial Radius, ;Anguler Axiel Radlus, |Angular
- distance, r, coordinate dlstance, r, coordinate distance, r, coordinate
Zz, in. z, in. z, in.
in. in. in.
0.0 bz.649 *] 7.7 4.998h | 649 4.4 11.0 b5 188 64°35.81
- 0.5 3.656h 8939 .31 7.000t | 649 4.4 5.206h
4,190t 893g,3¢ 8.0 5.056h | 64933.2¢ 5.614 64941 .21
1.00 3.680n | 16930.4" 5.049 649033 .21 6.216 65° 1.5!
5.503t | 18930.4° 5.614 61°33.2¢ 6.330t
1.284 3.707h | 20936.51! 6.216 64°033.21 7.000 67925.81
7.000t | 20°36.5! 7.000t | 64931.51 11.5 bs. 188 63946.4¢
1.5 3.733h | 23°33.7! 8.5 5.138n | 659 0.5t .200h
7.000t [ 23°33,7! 5.145 65° 0.5 5.614 63955.81
2.0 5.812h | 29%4g.8! S5.614 65° 0.5! 6.070t
7.000t | 29949.81 6.216 852 0.51 bg.218 64944 .1
2.5 3.912h | 35916.4' 7.000t | 65° 8.4¢ b7.000 689 1.2
7.000t | 35916.4' 8.0 bs.188 65°28.1¢ 12.0 bs.188 62942,91
3.0 4.021h | 39957.5! 5.196h | 65°28.1°7 5.194h
7.000t | 39957.5¢ 5.614 65028.11 5.614 62958.91
3.5 4.130h | 43956.2! 6.216 85928.1! 5.812t
7.000t | 43956.21 7.000t | 65939.0! bg.216 64°24 .61
£.0 4.245h | 47931.0°' 9.5 bs.188 65933,.81 7.000 68930.01
7.000t | 47°31.0! .219h | 85933 .87 12.5 bs5.188 61°17.01
4.5 4.356h | 50949.1! 5.614 65933,81 .1s0n
7.000t | 509489.1°* 6.216 65934 .07 5.554¢
5.0 4.461h | 54° 4.6! 7.000t | 66° 6.4 5.614 61959.0!
7.000t | 54° 4.6! 10.0 5.188 65930.1!1 bg.216 64° 6.0¢
5.5 4.566h | 56956.0! .212h { 65930.1! 7.000 68°58.8¢
7.000t | 56956.0! 5.614 £85930.1" 13.0 5.188h | 59936.9t
6.0 4.666h | 59922.3 6.216 65031 .5¢ 5.295%
7.000t | 59922.3' §.848t 5.614 80°56.41
6.5 4.768h | 61°14.3¢ 7.000% | 66932.07 6.216 63045.6!
7.000t | 61°14.3! 10.5 P5.188 65° g.2t 7.000 69927.6!
7.0 4.867h | 62°942.4° 5.208h 13.5 bg.188 57°48.0"
7.000t | 62942.4°' 5.614 65° 9.81!
7.5 4.961h | 63°43.8! 6.216 65°17.91
7.000t | 63°43.8! 6.589t
b7 .000 87° 3.0

2The blade root begins at z = 0.124 in., becomes nonradial at
The sectlon at r = 5.614 in. beglins at

Coordinates for leading

edge of blade

r

¥

]

7.000
6.500
6.000
5.500
$.000
4.500
4.000
3.500

1.284
1.204
1.119
0.998
0.852
0.656
0.387

1.426
1.451
1.4351
1.349
1.223
1.038

773

3587

26°24.0!
27939.6!
28948.2!
28954.8¢
30°54.0!
31054.6°
52952 ,21

33948.6°

z = 13.207 in.

z = 9,985 in,., and ends at

z = 12.376 in.

Typical sectlon near leading edge of blades.
Plane perpendicular to radius »r at R.

in., becomes nonradial at =z = 8,988 in., and ends at

Z =m 1,284 in., becomes nonradial at

bPoints used for blade layout only.

Upstream
face of

impeller »

z = 11.212 in.
z = 7.700 in., and ends at

4 0.005

z = 9,706

in.

z = 10.670 in., and ends at

z = 1.030 in., becames nonradial at
The section at r = 6.216 In. begins at =z = 1.157
The tip begins at



&= 39,10

MA = 0.856

Hp

@ = 17.8%°

M~2.214

¥, = 1.088
M = 1.918

M =1,907

Flgure 2, - Velocity dingrams at design for 14~ineh Supersonic compressor rotar
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Axial distence, z, In.

Flgure 2. - Charscteriestlc lines and veloclity contours in rotor.
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Figure 3, - 1l4-Inch supersonic axial-dischargs mixed-flow compressor rotor ITI.
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Figure 4. - Schematic diamgram of 14-inch supersonic-compressor test rig.
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Flgure 5, - Schematic dlagram of plplng assembly and compressor installation.
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Figure 6. - Performence characteristics for l4-inch supersonic
compressor rotor with supersonic leading edge.
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Figure 8. ~ Continued. Performence characteristics for l4~inch
supersonic compressor rotor with supersonlc leading edge.
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Figure 8. - Concluded. Performance characteristics for l4-inch
supersonlic compressor rotor with supersonic leading edge.
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(b) Absolute entrance Mach mumber,

Figure 7. - Continued. Conditions at station 1 for varlous speeds.
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Conditions at station 4 for various speeds.
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Conditions at station 4 for various speeds.

33



34

Abgolute discharge angle, & ) deg

"t NACA RM ES4D22
S L T T T T T ¥
Impeller Guide vanes Operating
_ point
—_—— — III Reset 100T
—_—o—— III Original 1001
68 — ~—f~ — IIX Original 1008
— 4 — TIII Original 908
——— — III Reset 801 -3 -
M ———  III Original 80T 3
—b—  III Original 708 o T
g4 F — @ — Design L 4;'(
S
g ., 1d
, P
80 / ){
-4 s
V4 -
Pall):4
sy /
-
i / it
56
/]
o o7
52 ,5
i Z
48 "4
a4
&
40 >
<
N
o~ 4
S P
36 — =
~
Eub \./ > \ \J Tip
- Design
S I o
~5— o
32
5.0 5.4 5.8 6.2 6.6 7.0 7.4

Pigure 9. - Concluded.

Redius, Ty in.

(£) Absolute discharge sngle.

Conditions at stetion 4 for various speeds.

NACA-Langley - 7T-19-54 - 350



- I B

01435 40




